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Cryptococcus neoformans is an opportunistic fungal pathogen that infects the human central nervous system.
This pathogen elaborates two specialized virulence factors: the antioxidant melanin and an antiphagocytic
immunosuppressive polysaccharide capsule. A signaling cascade controlling mating and virulence was iden-
tified. The PKA1 gene encoding the major cyclic AMP (cAMP)-dependent protein kinase catalytic subunit was
identified and disrupted. pka1 mutant strains were sterile, failed to produce melanin or capsule, and were
avirulent. The PKR1 gene encoding the protein kinase A (PKA) regulatory subunit was also identified and
disrupted. pkr1 mutant strains overproduced capsule and were hypervirulent in animal models of cryptococ-
cosis. pkr1 pka1 double mutant strains exhibited phenotypes similar to that of pka1 mutants, providing
epistasis evidence that the Pka1 catalytic subunit functions downstream of the Pkr1 regulatory subunit. The
PKA pathway was also shown to function downstream of the Ga protein Gpa1 and to regulate cAMP
production by feedback inhibition. These findings define a Ga protein-cAMP-PKA signaling pathway regu-
lating differentiation and virulence of a human fungal pathogen.

Cells sense and respond to the environment and communi-
cate with other cells via signal transduction cascades, which
allow cells to sense extracellular conditions and appropriately
respond. We are interested in the signaling pathways that en-
able pathogenic fungi to adapt to and survive the dramatically
altered environmental conditions they encounter upon infec-
tion of the host.

Cryptococcus neoformans is an opportunistic fungal patho-
gen that causes life-threatening infections of the human central
nervous system (CNS) (7, 52). The organism is distributed
worldwide, and most individuals have protective immunity and
evidence of prior exposure (21, 29). The incidence of crypto-
coccal meningitis has increased because of immunosuppres-
sion as a result of AIDS, cancer chemotherapy, steroid treat-
ment, and organ transplantation. However, even in normal
individuals, the infection can be chronic with a state of latency
and subsequent reactivation can occur (22, 25). A small per-
centage of patients with cryptococcal pneumonia, meningitis,
or cutaneous infection have no apparent immune system dys-
function, and these patients may be infected with hypervirulent
strains (1, 59, 62). In addition, strains of the divergent C.
neoformans var. gattii (serotypes B and C) primarily infect
hosts with normal immune function (14). Thus, C. neoformans
is both an opportunistic and a primary pathogen.

C. neoformans is a basidiomycete with a defined sexual cycle
(3, 38, 39, 69). Infection occurs by inhalation of dessicated
yeast cells or spores, which then spread hematogenously to the
brain (53, 71). Two inducible factors have been linked to vir-

ulence: the production of melanin and a polysaccharide cap-
sule (10, 40, 41).

Melanin is not produced under most in vitro culture condi-
tions but can be induced in response to carbon source limita-
tion, which also occurs in the infected host. Melanin is a large
polymer that is embedded in the cell wall ensheathing the
organism, where it can serve as an antioxidant to protect fungal
cells from oxidative and nitrosative challenge by macrophages
(31, 77). Melanin synthesis requires the enzyme laccase, which
is expressed in vivo and important for full virulence (68). Re-
cent studies reveal that melanin is produced in vivo in infected
animals and in the CNS of patients with cryptococcal menin-
gitis (56–58, 66). The substrates for melanin synthesis are di-
phenolic compounds, such as dopamine and other neurotrans-
mitters. The abundance of these melanin precursors in the
CNS may explain the unique tissue tropism of cryptococcal
infection.

The polysaccharide capsule is induced in vivo in the infected
host by iron limitation and carbon dioxide and surrounds and
protects fungal cells from phagocytosis and enhances intracel-
lular survival in macrophages (24, 28, 74). In addition, capsular
antigens are shed into the circulation and have potent immu-
nosuppressive activity (18, 19, 32, 75, 76). Mutants lacking
either melanin or capsule are avirulent or attenuated in animal
models (10, 40, 41, 68), and virtually all clinical isolates pro-
duce both melanin and capsule (7).

Recently, the Ga protein Gpa1 was found to regulate mel-
anin and capsule production and virulence of C. neoformans in
response to environmental signals (4). gpa1 mutant cells have
defects in mating and produce reduced levels of melanin and
capsule. As a consequence, gpa1 mutant strains are markedly
attenuated for virulence in animal models. Exogenous cyclic
AMP (cAMP) restores mating, melanin, and capsule produc-
tion in gpa1 mutant strains, suggesting that Gpa1 regulates a
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cAMP signaling pathway (4). We identified here catalytic and
regulatory subunits of the cAMP-dependent protein kinase A
(PKA) and demonstrate that PKA functions downstream of
the Ga protein Gpa1 in a signal transduction cascade that
controls mating and virulence of this human pathogen. Related
signaling pathways operate to control differentiation in the
budding yeast Saccharomyces cerevisiae (37, 46, 61, 65, 67) and
in plant fungal pathogens such as Ustilago maydis (23, 26, 27,
35, 64).

MATERIALS AND METHODS

Isolation and disruption of the PKA1 gene. The PKA1 gene was isolated by
degenerate PCR with C. neoformans serotype D cDNA library DNA as template
and primers 1883 (59-ACIYTIGGIACIGGIWSITTYGGIMGIGT), 1886 (59-T
ARTCIGGIGTICCRCAIARIGTCCAIGT), and 1887 (59-TARTCIGGIGTICC
RCAIARIGTRTAIGT), where R is A1G, Y is C1T, I is deoxyinosine, W is
A1T, M is A1C, and S is G1C. A 410-bp PCR product was cloned, sequenced,
and used as a probe to isolate a 12-kb HindIII fragment containing the PKA1
gene from a size-selected genomic library of the serotype A strain H99. The
ADE2 gene (2.5-kb BamHI fragment) was inserted at a BglII site in the PKA1
gene and biolistically transformed into the ade2 strain M001 (70). pka1::ADE2
mutants were identified by PCR and confirmed by Southern blot.

Assay of melanin production. Melanin is produced by the enzyme laccase
(CnLac1), which is a phenol oxidase that accepts diphenolic precursors as sub-
strates and oxidizes them, and nonenzymatic polymerization then produces mel-
anin polymers. The activity of CnLac1, the rate-limiting enzyme in melanin
production, was assessed by measuring the oxidation of 2,29-azinobis(3-ethylben-
zthiazoline-6-sulfonate) (ABTS) as described elsewhere (6). Wild-type, pka1,
gpa1, pka11PKA1, pkr1, and pkr1 gpa1 strains were incubated at 30°C with
shaking for 18 h in minimal asparagine medium with 0.1% glucose. Cells were
pelleted, washed twice with water, resuspended in minimal asparagine medium
without glucose, and incubated with shaking for 4 h at 30°C. Cells were pelleted
and resuspended in 0.1 M sodium acetate buffer (pH 5.0) at 2 3 108 cells/ml. The
oxidation of ABTS was assessed spectrophotometrically by measuring the A420 of
the supernatant of the cell suspension at 30 min after addition of 0.5 mM ABTS.
One unit of enzyme activity was defined as 0.01 absorbance units at 30 min.

Assay of capsule production and measurement of capsule size and volume.
Strains to be assayed for capsule production were grown in low-iron medium
(LIM plus EDDHA) for 4 days at 30°C. Cultures were treated with 10% forma-
lin, normalized for cell counts, and added to heparinized Microhematocrit Cap-
illary Tubes (Fisher 22-362-574), and the ends were sealed with clay. Capillary
tubes were centrifuged for 10 min in a Microhematocrit Centrifuge model MB
(International Equipment Co.). The packed cell volume (PCV) was determined
by the following formula: PCV 5 The length of the packed cells/the length of the
total suspension.

The capsule and cell sizes of fungal cells in brain homogenates were deter-
mined by photomicroscopy and comparison to images of a 10-mm ruled micro-
scope slide. The cell diameter and capsule thickness were measured for 100 cells
each of the pkr1-33 and pkr1-56 strains and for 40 wild-type cells, and the values
presented are the mean with the standard deviation. The volume of the capsular
shell was calculated by subtracting the volume of the cell (4/3 Pr3) from the
volume of the capsule plus the cell.

Animal models of virulence. The rabbit cryptococcal meningitis model was as
described elsewhere (4). In the murine models, BALB/c or A/Jcr mice were
infected by tail vein injection or inhalation. Mice were anesthetized by intraperi-
toneal phenobarbital injections and suspended by the incisors on a silk thread,
and 50-ml volumes of the inocula were slowly pipetted into the nares with

continued suspension for 10 min. Survival was monitored daily, and moribund
animals or those in pain were sacrificed by CO2 inhalation.

Three groups of 10 female A/Jcr mice were infected with a total of 106 yeast
cells of serotype A strain H99 (WT) and two pkr1 mutant isolates (pkr1-33 and
pkr1-56) via lateral tail vein injection. Three mice from each group were eutha-
nized 3 h, 3 days, or 7 days after infection, exsanguinated by cardiac puncture,
and the brain, spleen, and lung tissue were harvested, resuspended in phosphate-
buffered saline, and homogenized. Quantitative cultures were performed by
plating dilutions of the tissue homogenates on yeast-peptone-dextrose (YPD)
medium.

Mouse survival and tissue cryptococcal burden measurements were repeated
with BALB/c mice. Three groups of 20 female BALB/c mice were infected with
a total of 106 yeast cells of serotype A strain H99 (WT) and two pkr1 mutant
isolates (pkr1-33 and pkr1-56) via lateral tail vein injection. The survival of groups
of 10 infected mice was determined as described for the A/Jcr mice. The brain
cryptococcal burden was also determined as for the A/Jcr mice by sacrificing five
mice from each group at 3 or 7 days after infection.

Quantitative mating assay. Recombinant basidiospore production was mea-
sured by mixing serotype A strains (MATa URA5 LYS1) in 100-ml suspensions
with the MATa ura5 lys1 serotype D strain JEC53. Then, 5 ml of the cell mix was
spotted onto V8 plus uracil-lysine medium and incubated at 25°C. Every 2 days,
the mating reaction on one plate was excised, vortexed in 2 ml of water, and
plated on 5-fluoroorotic acid medium lacking lysine to detect ura5 LYS1 recom-
binants. To detect cell fusion, the MATa ura5 serotype A strains were cocultured
with the MATa lys1 serotype D strain JEC30 on V8 plus uracil-lysine medium. At
48 and 96 h, cells were removed, resuspended in 2 ml of phosphate-buffered
saline, and plated on YNB medium to select heterokaryons and prototrophic
recombinants.

Isolation and disruption of the PKR1 gene. The PKR1 gene was isolated based
on a sequence trace from the C. neoformans EST project (University of Okla-
homa). Primers 2571 (59-CGCTCTCGGCCGAAGGACATC) and 2572 (59-TC
AACGATGTAAAAGAAGTCACCG) were used in a PCR reaction with geno-
mic DNA from the serotype A strain H99 as template. The 300-bp PCR product
was then used to isolate the PKR1 gene from a size-selected genomic library on
a 5-kb HindIII fragment. A 2-kb URA5 gene was inserted into a unique HpaI site
in the PKR1 gene, and the serotype A H99 ura5, gpa1 ura5, and pka1 ura5 strains
were biolistically transformed. Ura1 transformants were selected on synthetic
medium lacking uracil with 1 M sorbitol. pkr1::URA5 mutants were identified by
PCR and Southern blot at frequencies of 16.7% in the wild type (10 of 60), 87%
in the gpa1 mutant (27 of 31), and 7% in the pka1 mutant (7 of 96).

Two-hybrid assays. To test if Pka1 and Pkr1 interact in the two hybrid system,
a full-length PKA1 cDNA was amplified from a C. neoformans H99 cDNA library
with synthetic primers, cleaved with BamHI, and inserted into the two-hybrid
plasmid pGBT9 to express a GAL4(BD)-Pka1 fusion protein. The PKR1 cDNA
was isolated using primers and the same cDNA template, cleaved with BamHI,
and cloned in plasmid pGAD424. Plasmids expressing the GAL4(BD)-Pka1 and
GAL4(AD)-Pkr1 fusion proteins supported growth of the two-hybrid strain
PJ69-4A on medium lacking adenine or histidine (plus 3-aminotriazole).

cAMP assay. Cells were precultured overnight at 30°C in YPD medium,
inoculated in fresh YPD medium to an optical density at 600 nm (OD600) of 0.05,
and then grown under the same conditions for 20 h. Cells were collected by
centrifugation and washed twice with water and once with buffer (10 mM mor-
pholineethanesulfonic acid [pH 6.0], 0.1 mM EDTA). Cells were resuspended in
buffer and incubated at 30°C with shaking to subject the cells to glucose starva-
tion. After 2 h, glucose was added to a final concentration of 2%. At the time
points indicated in Fig. 7, 0.5 ml of the cell suspension was transferred into a tube
containing equal volume of ice-cold 10% trichloroacetic acid and 0.3 ml of glass
beads and then immediately frozen in liquid nitrogen. Crude cell extracts were
prepared by homogenizing with a bead beater at 4°C and were lyophilized. cAMP

FIG. 1. PKA regulates melanin and capsule production and mating. (A) Protein extracts were prepared from the wild-type, pka1 mutant, and
pka11PKA1 strains and assayed for PKA activity as described in Materials and Methods. The values shown are the mean of duplicate
measurements with the standard error of the mean shown as error bars. In this and other figures, some error bars were too small to be seen. (B)
Wild-type, gpa1, pka1, pka11PKA1, pkr1, and pkr1 gpa1 strains were grown in low-iron medium without or with 10 mM cAMP. Differences in
capsule size were quantified by measuring the PCV and are displayed as the mean of triplicate samples with the standard error. (C) Melanin
production by the wild-type, gpa1, pka1, and pka11PKA1 strains was assayed on Niger seed agar without or with 10 mM cAMP. (D) Wild-type,
gpa1, pka1, and pka11PKA1 cells were mixed with India ink, and the capsules, which exclude the ink particles, were photographed. Final
magnification, 3360 (E) Mating assays were conducted in which wild-type, gpa1, pka1, and pka11PKA1 strains were cocultured with serotype D
MATa cells on V8 agar for 14 days at 24°C, and the edges of patches of mating cells were photographed (final magnification, 336). In this assay,
a smooth border is produced if no mating occurs, whereas mating results in the production of filaments, basidia, and basidiospores.
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assays used a cAMP enzyme immunoassay kit (Amersham), as described earlier
(47).

PKA assay. Crude cell extracts were prepared from logarithmic-phase
(OD600 5 0.6) wild-type, pka1 mutant, and pka11PKA1 cells as described else-
where (16). PKA activity was assayed either in the presence or absence of cAMP
(5 mM) or with cAMP and the PKA-specific inhibitor (10 mM) using the Sig-
naTECT PKA assay system (Promega).

RESULTS

Identification of the cAMP-dependent protein kinase cata-
lytic subunit Pka1. To identify the catalytic subunit of PKA,
primers were designed to target conserved regions of PKA
genes from other fungi. Under reduced stringency conditions,
these primers amplified a 410-bp PCR product from C. neo-
formans pooled cDNA. This PCR product was cloned and
sequenced, revealing homology to known PKA catalytic sub-
units. The PCR product was used as a probe to isolate the
full-length PKA1 gene on a 12-kb HindIII fragment from a
size-selected genomic library of the serotype A strain H99.
Sequence analysis of genomic DNA, 59 and 39 RACE (rapid
amplification of cDNA ends) products, and cDNA clones was
used to define the structure of the PKA1 gene (GenBank
accession no. AF288613). The C. neoformans Pka1 protein
shares 60% amino acid identity to the Adr1 PKA catalytic
subunit from U. maydis, a basidiomycete that infects maize
(23, 60). The C. neoformans Pka1 catalytic subunit was more
closely related to the S. cerevisiae Tpk2 catalytic subunit that
activates filamentous growth than to the Tpk1 and Tpk3 sub-
units that play a negative regulatory role (61, 65). By Southern
blot analysis under conditions of reduced stringency, no genes
highly related to PKA1 were detected (data not shown). How-
ever, sequence traces to both PKA1 and a gene encoding a
second PKA catalytic subunit homolog (PKA2) are present in
the Stanford C. neoformans genome sequence database (R. W.
Hyman and R. W. Davis, http://www-sequence.stanford.edu
/group/C. neoformans /index.html). Our genetic studies sug-
gest that Pka1 plays the predominant role in PKA signaling.

To determine its biological functions, the PKA1 gene was
disrupted by transformation and homologous recombination.
The ADE2 selectable marker was inserted into a unique BglII
site within the PKA1 gene, and the resulting pka1::ADE2 dis-
ruption allele was used to replace the wild-type PKA1 gene in
the ade2 serotype A strain M001 by biolistic transformation
(70). Five pka1 mutant strains were identified from 100 Ade1

transformants. PCR and Southern blot analysis demonstrat-
ed that gene replacement without ectopic integration had oc-
curred. The wild-type PKA1 gene linked to the hygromycin B
resistance gene was introduced into the pka1 mutant strain by
biolistic transformation to produce a pka11PKA1 reconsti-
tuted strain.

To determine the contribution of the PKA1 gene product to
PKA activity, cell extracts were prepared from wild-type, pka1
mutant, and pka11PKA1 reconstituted strains and PKA activ-
ity was assayed in vitro. cAMP-dependent protein kinase ac-
tivity was readily detectable in the wild-type and pka11PKA1
reconstituted strains, whereas little or no activity was present
in extracts from the pka1 mutant strain (Fig. 1A). These find-
ings provide evidence that PKA1 encodes a PKA catalytic sub-
unit that represents the predominant form of the enzyme.

pka1 mutant strains exhibit defects in melanin and capsule
production. Similar to gpa1 mutant strains, we found that pka1
mutant strains also exhibited a marked defect in melanization.
Melanin production was assayed by culturing on Niger seed
(Guizotia abyssinica) medium, on which laccase is induced by
limiting glucose and where diphenolic precursors for melanin
synthesis are present. The pka1 mutant strain exhibited a se-
vere defect in melanin production, similar to that seen in the
gpa1 mutant strain (Fig. 1C). Melanin production was restored
in the pka11PKA1 reconstituted strain. cAMP restored mela-
nin production by the gpa1 mutant strain but not by the pka1
mutant, a result consistent with a model in which Gpa1 regu-
lates cAMP production and PKA is the target of cAMP (Fig.
1C). In a quantitative spectrophotometric assay in which oxi-
dation of diphenolic substrates by cell-associated laccase activ-
ity was measured, melanin production was reduced ;20- to
30-fold by the gpa1 or pka1 mutations compared to wild-type
strains (see Materials and Methods and Fig. 4B).

Pka1 also regulates capsule production. Capsule synthesis

FIG. 2. PKA regulates virulence of C. neoformans. (A) Groups of
10 female A/Jcr mice were infected with 5 3 104 yeast cells of the wild-
type, gpa1, pka1, and pka11PKA1 strains by nasal inhalation. Survival
was monitored over 140 days. (B) Groups of 10 female A/Jcr mice were
infected with 5 3 104 yeast cells of the wild-type, pka1, pka11PKA1,
and ade21ADE2 (M001 ade2 strain restored to prototrophy) strains by
nasal inhalation, and survival was monitored for 30 days.
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was induced by culturing cells in low-iron medium containing
an iron chelator (EDDHA). As shown in Fig. 1D, the wild-type
and pka11PKA1 reconstituted strains produced large capsules
that excluded India ink particles. In contrast, the pka1 mutant
strain exhibited a marked defect in capsule production, a find-
ing similar to that seen with the gpa1 mutant strain. Exogenous
cAMP restored capsule production in the gpa1 mutant strain
but not in the pka1 mutant strain. cAMP, and also increased
Pka1 in the pka11PKA1 strain, hyperinduced capsule produc-
tion. These observations were quantified by measuring the
packed cell volume of a constant number of fungal cells. The
capsule size (and cell volume) of gpa1 and pka1 mutants was
reduced ;3-fold in comparison to wild-type cells (Fig. 1B).
The gpa1 and pka1 mutants also produced smaller cells than

the wild-type or pka11PKA1 strains, which may indicate an
additional defect in cell size control (Fig. 1D).

Pka1 is required for virulence of C. neoformans. Because
pka1 mutant strains have defects in producing melanin and
capsule, both established virulence factors, the role of Pka1 in
pathogenesis of C. neoformans was assessed in two different
animal models. In the first, mice were infected by inhalation
with 5 3 104 cells of the wild-type, pka1 mutant, gpa1 mutant,
and pka11PKA1 reconstituted strains. In this model, infection
initiates in the lung and spreads hematogenously to other or-
gans. The majority of animals develop severe hydrocephalus
and die from cryptococcal meningitis. The average survival of
mice infected with the wild-type and reconstituted strains was
36.2 and 34.8 days, respectively (P 5 0.57), and both were

FIG. 3. Overexpression of Ste12a restores mating in pka1 mutant cells and induces filamentation in liquid medium in a Pka1-dependent
fashion. (A) The MATa pka1 and MATa pka11pGAL7::STE12a strains were mated with a serotype D MATa PKA1 wild-type strain JEC20 on V8
medium and incubated at 24°C for 14 days. The MATa pka11pGAL7::STE12a strain was also grown on V8 medium in isolation. The top panels
show cultures grown under pGAL7-repressing conditions (glucose), and the bottom panels show cultures grown under pGAL7-inducing conditions
(galactose). The edges of the mating patches were photographed (final magnification, 331.2). (B) The WT1pGAL7::STE12a and pka11pGAL7::
STE12a strains were grown on nitrogen-limiting filamentation agar solid medium under pGAL7-inducing (glucose) or pGAL7-repressing (galac-
tose) conditions. The edges of the colonies were photographed (final magnification, 331.2). (C) The WT1pGAL7::STE12a and pka11pGAL7::
STE12a strains were grown in nitrogen-limiting filamentation liquid medium with glucose or galactose and photographed (final magnification, 3156).
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markedly shorter than the average survival of mice infected
with the pka1 (147.5 days, P , 0.0001) or gpa1 mutant strains
(86.2 days, P , 0.0001) (Fig. 2A). We note that while 90% of
animals infected with the pka1 mutant survived to day 140,
100% of animals infected with the gpa1 mutant succumbed to
lethal infection by day 140, although survival was clearly pro-
longed compared to the wild type (gpa1 versus pka1, P ,
0.001). Thus, the phenotype of the pka1 mutant is more severe
than that of the gpa1 mutant, a finding consistent with models
in which Pka1 functions downstream of Gpa1, and Gpa1 is
redundant with other factors regulating adenylyl cyclase (2).

A second virulence experiment in the murine inhalation
assay was conducted to compare the pka1 mutant and the
pka11PKA1 reconstituted strain to the ade2 mutant host strain

that was used as the transformation recipient to construct these
strains (Fig. 2B). In this experiment, the pka1 mutant was again
avirulent. Interestingly, the pka11PKA1 reconstituted strain
was modestly increased for virulence compared to the ade2
host strain that was restored to prototrophy by reintroduction
of the wild-type ADE2 gene (P 5 0.003; Fig. 2B). The ade2
mutant host strain M001 was originally generated by UV irra-
diation (63, 70) and may differ in virulence potential from the
congenic prototrophic parental strain H99. Increased PKA in
the pka11PKA1 reconstituted strain may contribute to en-
hance virulence beyond the wild-type level.

Virulence of the pka1 mutant was also tested in a rabbit
model of cryptococcal meningitis. A total of 108 cells of the
wild-type, pka1, and gpa1 mutant strains were injected intra-

FIG. 4. PKA regulatory subunit Pkr1 regulates melanin, capsule, and mating and functions downstream of the Ga protein Gpa1. (A) Melanin
production in the wild-type, gpa1, pkr1, pkr1 gpa1, and pkr1 pka1 strains was assessed on Niger seed agar following incubation at 37°C for 2 days.
(B) Phenoloxidase activity in glucose-starved wild-type, gpa1, pka1, pka11PKA1, pkr1, and pkr1 gpa1 strains was determined by measuring the
oxidation of the diphenolic substrate ABTS (1 U of activity 5 0.01 A420 absorbance units in 30 min). The values shown are the average of duplicate
samples. (C) The wild-type, gpa1, pkr1, pkr1 gpa1, and pkr1 pka1 strains were grown in low-iron media (LIM plus EDDHA), and the capsule was
visualized with India ink and photographed (final magnification, 3324). The packed volumes of these cells are shown in Fig. 1B. (D) Wild-type,
gpa1, pkr1, pkr1 gpa1, and pkr1 pka1 strains were cocultured with serotype D MATa cells on V8 agar for 14 days at 24°C and photographed (final
magnification, 332.4).
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thecally into corticosteroid-immunosuppressed rabbits. The
pka1 and gpa1 mutant strains were almost completely cleared
from the cerebrospinal fluid (CSF) by day 10 postinfection
compared to the isogenic wild-type strain, which persisted at
;104 cells/ml (data not shown). In summary, the Pka1 catalytic
subunit of PKA is required for C. neoformans virulence.

Pka1 regulates mating and filamentation. To test if Pka1 is
required for mating, MATa pka1 mutant cells were cultured
with wild-type MATa cells. Like gpa1 mutants, pka1 mutant
strains did not produce any mating filaments, basidia, or ba-
sidiospores when incubated with MATa cells for 1 to 2 weeks,
whereas the wild-type strain produced abundant filaments, ba-
sidia, and basidiospores (Fig. 1E). After prolonged incubation
(4 weeks), the pka1 mutant did produce some residual fila-
ments. In quantitative assays, cell fusion and recombinant ba-
sidiospore production were reduced ;100-fold with the pka1
mutant compared to the wild type (see Materials and Meth-
ods). Mating was restored in the pka11PKA1 reconstituted
strain in both assays (Fig. 1E). Exogenous cAMP restored
mating of gpa1 but not pka1 mutants (not shown), indicating
Pka1 is required for mating and is the target of cAMP.

The functions of PKA in mating and filamentous growth
were found to be related to the Ste12a transcription factor
homolog (13, 79, 82). Overexpression of Ste12a restored mat-
ing in pka1 mutant strains, and dikaryotic filaments with fused
clamp connections and abundant basidia and basidiospores
were produced (Fig. 3A). The pGAL7-regulated STE12a gene
restored mating on either galactose (inducing) or glucose (re-
pressing) medium, and expression of the GAL7 gene is known
to be less stringently repressed in serotype A strains compared
to serotype D strains (17). We also found that overexpression
of Ste12a induced haploid filamentous growth not only on
nitrogen-limiting solid medium (Fig. 3B), as previously re-
ported (79), but also in nitrogen-limiting liquid medium (Fig.
3C). Pka1 was required for the induction of filamentation by
Ste12a in liquid but not solid medium (Fig. 3B and C). The
filaments produced in liquid culture in cells overexpressing
Ste12a were elongated but failed to produce basidia or basid-
iospores, indicating that additional environmental signals or
factors regulate later steps in filamentous differentiation. The
Ste12a proteins from divergent serotype A and D strains of
C. neoformans have several conserved PKA consensus sites,
and Pka1 was recently found to interact with the Ste12a pro-
tein in the two-hybrid system (Y. C. Chang and K. J. Kwon-
Chung, personal communication). Ste12a overexpression did
not restore melanin or capsule production in pka1 mutant cells
(data not shown), suggesting that Ste12a may be one of several
downstream targets of PKA.

Identification of the cAMP-dependent protein kinase regu-
latory subunit Pkr1. To further analyze PKA function in vivo,
the PKR1 gene encoding the PKA regulatory subunit was iden-
tified, cloned, and sequenced from the C. neoformans serotype
A strain H99 using a probe derived from the Oklahoma EST
database (B. A. Roe et al. [http://www.genome.ou.edu/cneo
.html]). The 59 and 39 RACE products and cDNA clones were
isolated and sequenced to establish the structure of the PKR1
gene and to identify the start and stop sites for protein syn-
thesis (GenBank accession no. AF288614). The C. neofor-
mans Pkr1 protein shares sequence identity with many dif-
ferent PKA regulatory subunits, with the highest level of

FIG. 5. Constitutive activation of PKA enhances virulence. (A)
Groups of 10 female A/Jcr mice were infected with 5 3 104 yeast cells
of wild-type, and gpa1, pkr1, and pkr1 gpa1 mutant strains by inhala-
tion. The percent survival was plotted for 140 days. (B) Corticosteroid
immunosuppressed rabbits were infected with the wild type and gpa1
and pkr1 mutant strains. CSF was withdrawn on days 4, 7, and 10
following infection, and the numbers of viable fungal cells were deter-
mined. The values shown are the mean of all cultures for each strain
with the standard deviation. (C) Groups of 10 female A/Jcr mice were
infected with 106 yeast cells of wild-type or pkr1 mutant strains (pkr1-
33 or pkr1-56) by lateral tail vein injections. The brains, lungs, and
spleens were harvested on day 7 from three randomly chosen mice
from each group. Quantitative cultures were performed by plating
the tissue homogenates on YPD medium. The culture data from
each sample were averaged and analyzed with a paired Student’s t
test.
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sequence identity to the PKA regulatory subunit from U. may-
dis (43% identity) (26). The Pkr1 protein was found to interact
with the Pka1 catalytic subunit in the yeast two-hybrid assay
(see Materials and Methods), further supporting the conclu-
sion that PKR1 encodes the regulatory subunit of cAMP-de-
pendent protein kinase (not shown).

To assess its biological functions, the PKR1 gene was dis-
rupted by inserting the URA5 gene into a unique HpaI site, and
the resulting pkr1::URA5 disruption allele was introduced into
ura5, ura5 gpa1, and ura5 pka1 C. neoformans strains by biolis-
tic transformation. By Southern blot analysis and PCR with
gene-specific primers, the wild-type PKR1 gene was readily
replaced with the pkr1::URA5 disruption allele in Ura1 trans-
formants of the wild type (17%), the gpa1 mutant (87%), and
the pka1 mutant (7%).

pkr1 mutations increase capsule production and suppress
gpa1 mutations. The effect of the pkr1 mutation on mating and
melanin and capsule production was tested (Fig. 4). The pkr1
mutation had no effect on mating in an otherwise wild-type
strain (Fig. 4D). The pkr1 mutation suppressed the mating
defect conferred by the gpa1 mutation, and mating was re-
stored to a wild-type level in a pkr1 gpa1 double mutant strain
(Fig. 4D), providing further evidence that Gpa1 functions up-
stream in the cAMP-PKA signaling cascade.

Wild-type and pkr1 mutant strains appeared to make similar
levels of melanin on Niger seed medium (Fig. 4A). The mel-
anin synthesis defect of the gpa1 mutant was suppressed by the
pkr1 mutation, and pkr1 gpa1 double mutants produced in-
creased levels of melanin compared to the gpa1 mutant (Fig.
4A), again indicating that Gpa1 functions upstream of PKA. In
a whole-cell assay, laccase activity was found to be decreased
;5-fold in the pkr1 and pkr1 gpa1 mutant strains compared to
the wild type (Fig. 4B). High levels of exogenous cAMP also
inhibited melanin production by wild-type strains (not shown).
Finally, melanin production was also reduced by PKA overex-
pression in the pka11PKA1 reconstituted strain (Fig. 4B).
Thus, PKA regulates melanin production, but constitutive or
increased PKA activity partially represses melanization.

India ink staining revealed that pkr1 mutant cells produced
larger capsules than wild-type cells when they were cultured in
low-iron capsule-inducing conditions (Fig. 4C). The capsule
production of gpa1 mutant cells was also restored by the pkr1
mutation in the pkr1 gpa1 double mutant strain; in fact, these
double mutant cells produced capsules that were significantly
larger than wild-type cells and their cell volume was also in-
creased (Fig. 1B and 4C). Increased capsule size in the pkr1
gpa1 mutant cells likely reflects elevated PKA activity, since
exogenous cAMP also enhances capsule production (4). We
note that the capsules produced by the pkr1 gpa1 mutant cells
were larger than those produced by pkr1 single mutant cells,
suggesting that Gpa1 may have targets in addition to the PKA

pathway and which inhibit capsule production. Previous stud-
ies have revealed a similar role for the related Ga protein
Gpa2 in S. cerevisiae, which positively regulates cAMP produc-
tion and pseudohyphal growth and also inhibits the Ime2 ki-
nase to prevent inappropriate entry into meiosis (20, 37, 46). A
related Ga protein in Podospora anserina, MOD-D, regulates
vegetative growth via a cAMP-dependent pathway and also
regulates vegetative incompatibility via a cAMP-independent
mechanism (48).

To provide additional evidence that Pka1 is the catalytic
subunit and Pkr1 is the regulatory subunit of PKA, pkr1 pka1
double mutant strains were constructed and analyzed. The
phenotypes of the pka1 single and the pkr1 pka1 double mutant
were indistinguishable (Fig. 4). pkr1 pka1 mutants were sterile
and exhibited marked defects in melanin and capsule synthesis.
The finding that the pkr1 mutation does not suppress the pka1
mutation is congruent with the observation that cAMP, which
inhibits Pkr1 function, also does not suppress the phenotypes
of pka1 mutant cells (Fig. 1). This epistasis analysis provides
additional evidence that Pka1 functions downstream of Pkr1
and that Pka1 represents the major PKA catalytic subunit.

pkr1 mutations increase virulence and restore virulence of
gpa1 mutant strains. To determine the physiological conse-
quences of constitutive PKA activity and increased capsule
production, the virulence of the pkr1 and pkr1 gpa1 mutant
strains was assessed in animal models. In the rabbit model of
cryptococcal meningitis, the pkr1 mutant was equally or more
virulent than the wild type, and viable fungal cells in the CSF
of infected animals persisted at .105 CFU/ml for up to 10 days
of infection (Fig. 5B).

The pkr1 mutant strain was also more virulent than the isogenic
wild-type strain in A/Jcr mice (Fig. 5A). A total of 50% of the
animals infected by inhalation with the pkr1 mutant strain sur-
vived to day 28 postinfection (average survival of 28.3 days),
whereas 50% of mice infected with the wild-type strain survived to
day 38 postinfection (average survival of 36.2 days; P 5 0.043)
(Fig. 5A). One-hundred-percent lethality occurred on day 33 with
the pkr1 mutant compared to day 46 with the isogenic wild-type
strain. In a second independent experiment, the pkr1-33 mutant
strain was also found to be more virulent than the H99 ura5 strain
used to construct the pkr1-33 mutant and which was restored to
prototrophy by transformation with the URA5 gene (P 5 0.002;
data not shown). In accord with previous studies (4), the vir-
ulence of the gpa1 mutant strain was attenuated in mice, and
virulence was largely restored in the pkr1 gpa1 double mutant
(gpa1 versus pkr1 gpa1; P 5 0.035) (Fig. 5A). These findings
reveal that the Gpa1-cAMP-PKA signaling cascade plays a
central role in regulating virulence of C. neoformans.

A potential mechanism of increased virulence of the pkr1
mutant strain was further assessed in a murine intravenous
model of cryptococcosis. In this case, BALB/c mice were in-

FIG. 6. The virulence of pkr1 mutant strains is increased in BALB/c mice. Groups of 20 female BALB/c mice were infected with 106 yeast cells
of wild-type or two independent pkr1 mutants (pkr1-33 and pkr1-56) by lateral tail vein injections. (A) The percent survival of 10 mice from each
group was plotted for 26 days. (B) On days 3 and 7 postinfection, five mice from each group were sacrificed, and the brain homogenates were
quantitatively cultured on YPD medium. Culture data from each group of five samples were averaged and analyzed with a paired Student’s t test.
(C) Cells and capsules of the wild-type and two pkr1 mutant strains (pkr1-33 and pkr1-56) grown in capsule-noninducing YPD medium prior to
infection (in vitro) and in the brain homogenates of infected animals (in vivo) were stained with India ink and photographed (3900). The scale
bar in the middle panels is 10 mm in length and was used to calculate cell and capsule size and volume.
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fected by tail vein injection with wild-type cells (H99) or two
independent pkr1 mutants (pkr1-33 and pkr1-56), and survival
was monitored. We found that 50% of the mice infected with
the wild-type strain survived to day 15 postinfection (average
survival of 15.7 days) (Fig. 6A). In contrast, 50% of the animals
infected with the pkr1-33 mutant strain survived to day 9
postinfection (average survival of 10 days; P 5 0.007) and 50%
infected with the pkr1-56 strain survived to day 11 (average
survival of 10.6 days; P 5 0.014). One-hundred-percent lethal-
ity occurred on day 26 postinfection with the wild type and on
days 16 and 18 with the two independent pkr1 mutants (Fig.
6A). These findings support the conclusion that the constitu-
tive activation of PKA results in a hypervirulent phenotype in
animal models of cryptococcosis.

As a second measure of increased virulence, the tissue bur-
den of fungal cells was determined in the brains, lungs, and
spleens of A/Jcr mice (Fig. 5C) and in the brains of BALB/c
mice after intravenous injection of 106 C. neoformans cells
(Fig. 6B). In A/Jcr mice, the CFU of fungal cells per milligram
of brain at day 7 after infection were increased fourfold in
animals infected with either the pkr1-33 or the pkr1-56 mutant
compared to the wild-type strain, whereas little or no differ-
ence was apparent in the fungal burden in the lung or spleen
(Fig. 5C). Similarly, after 7 days of infection the CFU of fungal
cells per milligram of brain were increased five to sixfold in
BALB/c mice infected with the pkr1 mutants (P 5 0.001384
and 0.000473) compared to the wild-type strain (Fig. 6B).
These findings indicate that the fungal burden of cells in the
CNS is significantly elevated in animals infected with the pkr1
mutants compared to animals infected with the wild type.

pkr1 mutant strains produce dramatically enlarged capsules
in vivo. The pkr1 mutant strains produced significantly larger
capsules in the CNS of infected animals. When cultured in
vitro in capsule noninducing YPD medium prior to infection,
both the wild type and the pkr1 mutants produced only very
limited capsules (Fig. 6C). Notably, following infection, the
sizes of capsules of cryptococcal cells in the brain homogenates
of animals infected with pkr1 mutants were dramatically in-
creased. The size of the capsule was induced ;10-fold in wild-
type cells and ;30-fold in the pkr1 mutant cells. Thus, on
average the capsules of pkr1 mutant cells were threefold thick-
er (pkr1-33, 8.1 6 1.9 mm; pkr1-56, 7.9 6 2.1 mm; n 5 100 cells
each) than the capsules surrounding wild-type cells (3.0 6 0.9
mm; n 5 40 cells). This difference is considerably more dramatic
when the volume of the capsular sphere is calculated. In this case,
the volume of the capsular shell was obtained by subtracting the
volume of the cell from the volume of the cell plus the capsule. By
this measure, the capsule volume produced by the pkr1 mutants is
increased 12- to 13-fold compared to that produced by the wild
type (7,910 and 8,030 mm3 for the pkr1-33 and pkr1-56 mutants,
respectively, compared to 617 mm3 for the wild type). In addi-
tion to the increased capsule volume, the pkr1 mutant cells
were larger than the wild-type cells, with a diameter increased
by ;2-fold (pkr1-33, 8.9 6 2.1 mm; pkr1-56, 9.5 6 2.1 mm; n 5
100 cells each) compared to the wild type (4.9 6 1.1 mm; n 5
40 cells) (Fig. 6C). The dramatic increase in capsule size ob-
served with the pkr1 mutants in the CNS of infected animals
provides a plausible molecular mechanism for their increased
virulence as measured by survival and the quantitative cell
counts and tissue burden in rabbits and mice.

PKA pathway regulates cAMP production. The PKA signal-
ing pathway was also found to feedback regulate cAMP pro-
duction. Previous studies in S. cerevisiae have revealed that the
PKA signaling pathway participates in a negative feedback
loop that represses cAMP production (51, 54). Here we ad-
dressed whether PKA regulates cAMP levels via a similar
pathway in C. neoformans. When glucose was readded to glu-
cose-starved C. neoformans cells, cAMP production was stim-
ulated similar to previous findings in S. cerevisiae (33, 72, 73)
(Fig. 7). Importantly, the basal level of cAMP was dramatically
elevated in pka1 mutant cells lacking PKA (Fig. 7A), providing
evidence that PKA normally functions to limit the excursions
of intracellular cAMP concentrations to a much more modest

FIG. 7. PKA negatively regulates cAMP production in C. neofor-
mans. The wild-type, pka1, pka11PKA1, and pkr1 strains were starved
for glucose by growth in YPD medium to stationary phase. Then, 2%
glucose was added and, at the indicated times, cells were harvested and
crude extracts were prepared. cAMP levels in the extracts were then
assessed by enzyme immunoassay. The values shown are the average of
triplicate measurements with the standard error of the mean depicted
as error bars. The scale of the data shown in panel A has been ex-
panded in panel B to illustrate the levels of cAMP present in the wild
type (WT) and in the pkr1 mutant and pka11PKA1 reconstituted
strains.
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range. In addition, cAMP levels were found to be modestly
reduced in pka11PKA1 and pkr1 mutant cells with reconsti-
tuted or increased PKA activity, respectively (Fig. 7B), provid-
ing additional evidence that activation of PKA downregulates
cAMP production. These observations indicate that PKA feed-
back inhibits cAMP production in C. neoformans, a finding
analogous to those of previous studies in S. cerevisiae (51, 54).

DISCUSSION

Our studies define the elements of a signal transduction
cascade that controls the production of virulence factors and
pathogenicity of C. neoformans. The Pka1 catalytic subunit of
PKA regulates mating, melanin and capsule production, and
virulence. The Pkr1 regulatory subunit of PKA is also a critical
component, and mutants lacking Pkr1 overproduced capsule
and were hypervirulent by several measures in two different
animal models. pkr1 mutant cells also produced dramatically
enlarged capsules during infection, and both the larger capsule
size and the increased release of immunosuppressive capsular
polysaccharides likely contribute to enhanced virulence.

Epistasis analysis further supports the conclusion that the
Ga protein Gpa1 is an upstream controlling element for this
signaling pathway and that the Ste12a transcription factor may
represent one of several downstream targets of PKA that regulate
differentiation and virulence. One interesting finding is that mu-
tants with defects in an upstream signaling component (gpa1)
were largely restored to virulence by a constitutive downstream
mutation (pkr1). These findings indicate that virulence can be
uncoupled from the normal regulatory inputs that control the
Gpa1-cAMP-PKA signaling pathway in wild-type cells. Similar
mutations may be selected against in natural populations in the
environment in which upregulated capsule production may have
either deleterious effects or divert metabolic potential to unnec-
essary capsule synthesis. Finally, our findings reveal that the vir-
ulence of C. neoformans can be increased by mutations, and this
may be occurring in strains that infect individuals with no appar-
ent defects in immune system function.

Our finding that constitutive activation of the PKA signaling
pathway results in the production of enlarged cells, increased
capsule, and hypervirulence is relevant to previous reports on
the association of capsule and cell size with virulence. Two
previous reports described the identification of C. neoformans
isolates that produced dramatically enlarged cells (40 to 60 mm
in diameter) in samples from human lung infection or a brain
abscess and also in animal models (15, 49). In one case (15),
the isolate formed normal sized yeast cells during in vitro
culture, whereas the second isolate formed enlarged yeast cells
when cultured at 35°C in brain heart infusion broth (25 mm in
diameter) (49). Such clinical isolates could have defects in
PKA signaling similar to pkr1 mutants.

Previous studies revealed a correlation between the presence
and the relative size of the capsule in the resistance of fungal cells
to phagocytosis by macrophages (44, 81). C. neoformans is a
facultative intracellular pathogen, and macrophages that have
engulfed fungal cells contain multiple intracellular vesicles filled
with capsular polysaccharide (24). The capsule likely contributes
to virulence by interfering with immune cell function by shed
capsular antigen, inhibiting phagocytosis of fungal cells, and en-
hancing intracellular survival of fungal cells in macrophages. Cor-

respondingly, acapsular mutant strains are avirulent compared to
isogenic encapsulated wild-type strains (9–12). Our studies dem-
onstrate that pkr1 mutants with constitutive PKA activity are
hypervirulent and produce dramatically enlarged capsules in
vivo. Thus, both the presence and the size of the capsule likely
contribute to C. neoformans virulence.

Our studies on the hypervirulent pkr1 mutant strain may also
be relevant to the relative contributions of melanin and capsule
to the virulence of C. neoformans. The pkr1 mutant strains
produce enlarged capsules in vitro and in vivo and yet produce
;20% the level of melanin compared to the wild type. High
levels of exogenous cAMP also led to a similar reduction in
melanin production. Hence, increased PKA pathway activity
hyperinduces capsule production but partially attenuates mel-
anin production. Even so, by several measures the pkr1 mu-
tants are hypervirulent. These findings have several possible
implications. First, melanin production may not be limiting
during infection, and even a reduced level might be sufficient
for virulence. Second, in previous genetic studies, serotype D
laccase mutant strains were found to be attenuated for viru-
lence but were still capable of causing lethal infections (68).
Thus, melanin production is important but not essential for
pathogenesis. The melanin biosynthetic enzyme laccase is ex-
pressed in vivo (68), and melanin is produced in vivo in in-
fected animals and in the CNS of patients with cryptococcal
meningitis (8, 57, 66). However, fungal cells are not heavily
pigmented in vivo (45) and the structure of melanin produced
in vivo might differ from that produced in vitro (8). Our find-
ings suggest increased capsule production, even in strains with
a reduction in melanin biosynthetic capacity, is the main con-
tributor to hypervirulence in animal models of cryptococcosis.

Previous studies in the yeast S. cerevisiae revealed that the
PKA pathway regulates cAMP production via a negative feed-
back loop (51, 54; reviewed in references 72 and 73). Part of
this feedback loop may involve activation of the low-affinity
phosphodiesterase Pde1 by PKA-dependent phosphorylation
(50). Nonetheless, it has been controversial whether a similar
regulatory system operates in other fungi. Our findings provide
evidence that a similar regulatory network regulates cAMP
production in C. neoformans. Most notably, we found that the
basal levels of cAMP were dramatically elevated in strains
lacking the PKA catalytic subunit Pka1 (Fig. 7). These findings
suggest activation of the PKA pathway normally leads to tran-
sient and modest increases in cAMP levels. One reason the
cAMP biosynthetic pathway might be regulated in such a fash-
ion is to prevent the inhibition of laccase expression and mel-
anogenesis that occurs in response to hyperactivated PKA sig-
naling. If cAMP levels were not tightly controlled the resulting
induction of capsule might also have deleterious consequences.
Our findings that the regulation of cAMP production by PKA
occurs in a pathogenic basidiomycete that is quite divergent
from S. cerevisiae suggests similar regulatory mechanisms likely
operate in other fungi.

A related G protein-cAMP-PKA signaling pathway regu-
lates mating, development, and virulence in both model yeasts
and plant fungal pathogens (reviewed in references 5, 34, and
43). In budding and fission yeasts, the Ga proteins homologous
to C. neoformans Gpa1 (Gpa2 in S. cerevisiae and Gpa2 in S.
pombe) are coupled to a nutrient-sensing G-protein-coupled
receptor (Gpr1 in S. cerevisiae and Git3 in S. pombe) that
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regulates cAMP production and PKA activation during mating
and filamentation (30, 33, 37, 42, 46, 47, 55, 61, 65, 78, 80).

Mating, filamentous growth, and virulence of the plant fun-
gal pathogen U. maydis are similarly regulated by a related Ga
protein (Gpa3), cAMP, and PKA (23, 26, 27, 35, 60, 64).
Mutations in the regulatory G protein (gpa3), adenylyl cyclase
(uac1), or one of the catalytic subunits of PKA (adr1) abrogate
cAMP production or signaling in U. maydis and cause consti-
tutive filamentation (26, 35). Mutations in the gene encoding
the PKA regulatory subunit, ubc1, restore normal budding
growth in hyperfilamentous gpa3 or uac1 mutants, indicating
that Gpa3 regulates the cAMP-PKA signaling pathway similar
to the regulation of the Gpa1-cAMP-PKA pathway in C. neo-
formans (26). PKA hyperactivation also alters virulence of
U. maydis (27, 36). Mutant strains expressing a dominant-
active Gpa3 mutant allele (Q206L) or lacking the PKA regu-
latory subunit (Dubc1) colonize maize plants and cause local-
ized symptoms. However, plants infected with Dubc1 mutant
dikaryons fail to form tumors (galls) (27), whereas those infect-
ed with Gpa3-Q206L mutant strains form smaller tumors (36).
Interestingly, U. maydis cells expressing the dominant active
Gpa3-Q206L mutant or lacking the PKA regulatory subunit
(Dubc1) produce a capsule-like material (36). The nature of this
capsule-like material remains to be defined, but these findings
are strikingly similar to our finding that hyperactivation of the
PKA signaling pathway dramatically enhances capsule produc-
tion in C. neoformans.

In summary, a conserved Ga protein-cAMP-PKA signal trans-
duction cascade operates during virulence and differentiation of
both human and plant fungal pathogens that can be targeted for
therapeutic intervention. Hyperactivation of the PKA signaling
pathway leads to alterations of virulence in two different fungal
pathogens, resulting in defects in gall formation in the plant
fungal pathogen U. maydis compared to an enhancement of
virulence in the human fungal pathogen C. neoformans. These
studies illustrate how a conserved signaling pathway has been
coopted to serve related but distinct functions as pathogenic
fungi have evolved to adapt to different host environments.
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